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(57) ABSTRACT

An apparatus includes a first programmable circuit block
including a plurality of programmable circuit elements. The
plurality of programmable circuit elements include a hard-
wired, instrumented memory element. The instrumented
memory element includes a first flip-flop configured to
receive a data signal, a delay circuit configured to generate a
delayed version of the data signal, and a second flip-flop
identical to the first flip-flop and configured to receive the
delayed version of the data signal. The instrumented memory
element also may include a comparator configured to com-
pare an output signal from the first flip-flop and an output
signal from the second flip-flop and an error signal generator.
The error signal generator is configured to generate an error
signal responsive to a mismatch of bits between the output
signal from the first flip-flop and the output signal from the
second flip-flop.
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1
DYNAMIC VOLTAGE SCALING IN
PROGRAMMABLE INTEGRATED CIRCUITS

TECHNICAL FIELD

This disclosure relates to integrated circuits (ICs) and,
more particularly, to dynamic voltage scaling in program-
mable ICs.

BACKGROUND

Dynamic voltage scaling, or “DVS,” is a power manage-
ment technique used in electronic systems. DVS refers to
varying the voltage provided to one or more components of an
electronic system. The voltage may be varied in real time
during operation of the electronic system according to various
circumstances. As an example, the voltage provided to a
component such as a central processing unit of an electronic
system may be increased or decreased in real time during
operation of the electronic system. Decreasing the voltage
provided to a component may be performed to reduce power
consumption of the electronic system or to conserve power.

A variety of techniques may be used to control DVS opera-
tions in electronic systems. In some cases, look-up tables are
used to store pre-characterized voltages that guarantee either
correct operation of the electronic system or operation with
an acceptable error rate. In other cases, a “canary” circuit is
implemented within the electronic system and monitored for
errors. A canary circuit generally refers to a class of circuit
used to indicate an imminent error or failure. When applied to
an integrated circuit (IC), the noted DVS control techniques
may be particularly susceptible to process, voltage, and tem-
perature (PVT) variations across the IC. Accordingly, the
design of an electronic system typically includes sufficient
margin to maintain acceptable operation of the electronic
system in even a worst case combination of PVT variation.

SUMMARY

An apparatus includes a first programmable circuit block
including a plurality of programmable circuit elements. The
plurality of programmable circuit elements include a hard-
wired, instrumented memory element. The hardwired, instru-
mented memory element includes a first flip-flop configured
to receive a data signal, a delay circuit configured to generate
a delayed version of the data signal, a second flip-flop iden-
tical to the first flip-flop and configured to receive the delayed
version of the data signal, a comparator configured to com-
pare an output signal from the first flip-flop and an output
signal from the second flip-flop, and an error signal generator
configured to generate an error signal responsive to a mis-
match of bits between the output signal from the first flip-flop
and the output signal from the second flip-flop.

An apparatus includes a programmable circuitry operable
over a range of voltages of a power signal, a ring oscillator
configured to generate an error signal having a frequency
inversely correlated with an error rate of at least a portion of
the programmable circuitry. The error rate is inversely corre-
lated with a voltage of the power signal. The apparatus also
includes a dynamic voltage scaling controller configured to
vary the voltage of the power signal responsive to the fre-
quency of the error signal from the ring oscillator.

A programmable circuit block includes a first look-up table
having a first output and a second output, a first flip-flop
configured to receive a first signal from the first output of the
firstlook-up table, and a second flip-flop configured to receive
a second signal from the second output of the first look-up
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table. The first signal may be a delayed version of the second
signal. The programmable circuit block also includes a sec-
ond look-up table configured to receive an output signal from
the first flip-flop and an output signal from the second flip-
flop. The second look-up table may be configured to generate
an error signal responsive to a mismatch of bits between the
output signal from the first flip-flop and the output signal from
the second flip-flop.

This Summary section is provided merely to introduce
certain concepts and not to identify any key or essential fea-
tures of the claimed subject matter. Other features of the
inventive arrangements will be apparent from the accompa-
nying drawings and from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The inventive arrangements are illustrated by way of
example in the accompanying drawings. The drawings, how-
ever, should not be construed to be limiting of the inventive
arrangements to only the particular implementations shown.
Various aspects and advantages will become apparent upon
review of the following detailed description and upon refer-
ence to the drawings.

FIG. 1 is a block diagram illustrating an exemplary archi-
tecture for an integrated circuit (IC).

FIG. 2 is a block diagram illustrating an exemplary instru-
mented circuit component.

FIG. 3 is a block diagram illustrating an exemplary ring
oscillator.

FIG. 4 is ablock diagram illustrating an exemplary portion
of a configurable logic block (CLB).

FIG. 5 is ablock diagram illustrating an exemplary portion
of'a CLB implementing error checking for dynamic voltage
scaling (DVS).

FIG. 6 is a block diagram illustrating an exemplary digital
signal processing block.

FIG. 7 is a block diagram illustrating an exemplary IC
including DVS circuitry.

FIG. 8 is a flow chart illustrating an exemplary method of
operation of an apparatus including DVS enabled circuitry.

FIG. 9 is a block diagram illustrating an exemplary data
processing system.

FIG. 10 is a flow chart illustrating an exemplary method of
processing a circuit design for performing DVS.

FIG. 11 is a flow chart illustrating an exemplary method of
implementing block 1015 of FIG. 10.

FIG. 12 is a flow chart illustrating another exemplary
method of implementing block 1015 of FIG. 10.

DETAILED DESCRIPTION

While the disclosure concludes with claims defining novel
features, it is believed that the various features described
within this disclosure will be better understood from a con-
sideration of the description in conjunction with the draw-
ings. The process(es), machine(s), manufacture(s) and any
variations thereof described herein are provided for purposes
of illustration. Specific structural and functional details
described within this disclosure are not to be interpreted as
limiting, but merely as a basis for the claims and as a repre-
sentative basis for teaching one skilled in the art to variously
employ the features described in virtually any appropriately
detailed structure. Further, the terms and phrases used within
this disclosure are not intended to be limiting, but rather to
provide an understandable description of the features
described.



US 9,231,591 Bl

3

This disclosure relates to integrated circuits (ICs) and,
more particularly, to dynamic voltage scaling in program-
mable ICs. In accordance with the inventive arrangements
described herein, dynamic voltage scaling, or “DVS,” is
facilitated through the use of one or more circuit structures.
The circuit structure(s), as implemented within the program-
mable IC, may be used to determine whether a voltage pro-
vided to one or more circuits of the programmable IC should
beadjusted or varied, e.g., increased, decreased, or remain the
same.

In one aspect, the circuit structures are configured to gen-
erate metric data. The metric data indicates whether the volt-
age provided to one or more circuits should be adjusted.
Exemplary metric data generated by the circuit structures
may include, but is not limited to, whether an error has
occurred, an error rate, and/or frequency that is correlated
with error rate and/or voltage.

The circuit structures may be automatically implemented
within a circuit design and/or added to a circuit design using
an electronic design automation (EDA) tool. In one aspect,
the circuit structures may be implemented using program-
mable circuitry of the programmable IC. In another aspect,
hardwired versions of one or more circuit structures may be
used. The hardwired versions of the circuit structures may be
incorporated into one or more programmable circuit blocks of
aprogrammable IC and/or positioned at one or more different
locations throughout the programmable IC. The circuit struc-
tures also may be included within one or more signal paths,
e.g., timing critical signals paths, of a circuit design. In each
case, the circuit structures may generate metric data to indi-
cate when voltage of a power signal, or signals, has been
reduced below an acceptable level for proper circuit opera-
tion.

The various circuit structures and techniques described
within this disclosure facilitate improved control over DVS
operations. The resulting electronic system is less susceptible
to process, voltage, and temperature (PVT) fluctuations
inherent to ICs. Accordingly, the need to design for the worst
case scenario may be avoided as the resulting electronic sys-
tem may dynamically adapt to conditions in real time.

The inventive arrangements described herein may be
implemented as a method of operating upon a circuit design.
The method may be performed by a data processing system.
In another aspect, the inventive arrangements may be imple-
mented as a data processing system having a processor. The
processor, upon executing program code, operates upon a
circuit design. In still another aspect, the inventive arrange-
ments may be implemented as a non-transitory computer-
readable storage medium storing program code that, when
executed, causes a processor and/or a system to perform
and/or initiate a method or process of operating upon a circuit
design as described herein.

The inventive arrangements may also be implemented
within an apparatus. In one aspect, the apparatus may be a
programmable IC. In another aspect, the apparatus may be
implemented as a larger system such as a vehicle, computing
system, display, or the like that includes one or more pro-
grammable ICs having one or more of the circuit structures
and/or features described herein. DVS, as implemented using
the circuit structures and/or techniques described within this
disclosure, may improve the overall efficiency and power
consumption of the apparatus that is implemented.

Several definitions that apply throughout this document
now will be presented. As used herein, the phrase “real time”
means a level of processing responsiveness that a user or
system senses as sufficiently immediate for a particular pro-
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cess or determination to be made, or that enables the proces-
sor to keep up with some external process.

As defined herein, the term “hardware description lan-
guage” is a computer-language that facilitates the documen-
tation, design, and manufacture ofa digital system, such as an
IC. A hardware description language, or “HDL,” combines
program verification techniques with expert system design
methodologies. Using an HDL, for example, a user can
design and specify an electronic system, describe the opera-
tion of the electronic system, and create tests to verify opera-
tion of the electronic system. An HDL includes standard,
text-based expressions of the spatial and temporal structure
and behavior of the electronic system, e.g., circuit, being
modeled. HDL syntax and semantics include explicit nota-
tions for expressing concurrency. In contrast to most high
level programming languages, an HDL also includes an
explicit notion of time, which is a primary attribute ofa digital
system.

For purposes of simplicity and clarity of illustration, ele-
ments shown in the figures have not necessarily been drawn to
scale. For example, the dimensions of some of the elements
may be exaggerated relative to other elements for clarity.
Further, where considered appropriate, reference numbers
are repeated among the figures to indicate corresponding,
analogous, or like features.

FIG. 1 is a block diagram illustrating an exemplary archi-
tecture 100 for an IC. An IC may be implemented to perform
a variety of functions. Some ICs may be programmed to
perform specified functions.

One example of an IC that may be programmed is a field
programmable gate array (FPGA). An FPGA typically
includes an array of programmable tiles. These program-
mable tiles may include, for example, input/output blocks
(I0Bs), configurable logic blocks (CLBs), dedicated random
access memory blocks (BRAM), multipliers, digital signal
processing blocks (DSPs), processors, clock managers, delay
lock loops (DLLs), and so forth.

Each programmable tile typically includes both program-
mable interconnect circuitry and programmable logic cir-
cuitry. The programmable interconnect circuitry typically
includes a large number of interconnect lines of varying
lengths interconnected by programmable interconnect points
(PIPs). The programmable logic circuitry implements the
logic of auser design using programmable elements that may
include, for example, function generators, registers, arith-
metic logic, and so forth.

The programmable interconnect and programmable logic
circuitries are typically programmed by loading a stream of
configuration data into internal configuration memory cells
that define how the programmable elements are configured.
The configuration data can be read from memory (e.g., from
an external PROM) or written into the FPGA by an external
device. The collective states of the individual memory cells
then determine the function of the FPGA.

Another type of programmable IC is the complex program-
mable logic device, or CPLD. A CPLD includes two or more
“function blocks” connected together and to input/output
(I/O) resources by an interconnect switch matrix. Each func-
tion block of the CPLD includes a two-level AND/OR struc-
ture similar to those used in programmable logic arrays
(PLAs) and programmable array logic (PAL) devices. In
CPLDs, configuration data is typically stored on-chip in non-
volatile memory. In some CPLDs, configuration data is stored
on-chip in non-volatile memory, then downloaded to volatile
memory as part of an initial configuration (programming)
sequence.
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For all of these programmable ICs, the functionality of the
device is controlled by data bits provided to the device for that
purpose. The data bits may be stored in volatile memory (e.g.,
static memory cells, as in FPGAs and some CPLDs), in non-
volatile memory (e.g., FLASH memory, as in some CPLDs),
or in any other type of memory cell.

Other programmable ICs are programmed by applying a
processing layer, such as a metal layer, that programmably
interconnects the various elements on the device. These pro-
grammable ICs are known as mask programmable devices.

Programmable ICs may also be implemented in other
ways, e.g., using fuse or antifuse technology. The phrase
“programmable IC” may include, but is not limited to, these
devices and further may encompass devices that are only
partially programmable. For example, one type of program-
mable IC includes a combination of hard-coded transistor
logic and a programmable switch fabric that programmably
interconnects the hard-coded transistor logic.

Referring again to FIG. 1, architecture 100 may be imple-
mented within a programmable IC. For example, architecture
100 may be implemented within an FPGA. Architecture 100
is also representative of a system-on-chip, or SOC, type of IC.
An SOC is an IC that includes a processor that executes
program code and one or more other circuits that do not
execute program code. The circuits may operate coopera-
tively with one another and/or with the processor.

Architecture 100 includes several different types of pro-
grammable circuit, e.g., logic, blocks. For example, architec-
ture 100 may include a large number of different program-
mable tiles including multi-gigabit transceivers (MGTs) 101,
CLBs 102, BRAMs 103, input/output blocks (IOBs) 104,
configuration and clocking logic (CONFIG/CLOCKS) 105,
DSPs 106, specialized 1/O blocks 107 (e.g., configuration
ports and clock ports), and other programmable logic 108
such as digital clock managers, analog-to-digital converters,
system monitoring logic, and so forth.

In some ICs, each programmable tile includes a program-
mable interconnect element (INT) 111 having standardized
connections to and from a corresponding INT 111 in each
adjacent tile. Therefore, INTs 111, taken together, implement
the programmable interconnect structure for the illustrated
IC. Each INT 111 also includes the connections to and from
the programmable logic element within the same tile, as
shown by the examples included at the top of FIG. 1.

For example, a CLB 102 may include a configurable logic
element (CLE) 112 that may be programmed to implement
user logic plus a single INT 111. A BRAM 103 may include
a BRAM logic element (BRL) 113 in addition to one or more
INTs 111. Typically, the number of INTs 111 included inatile
depends on the height of the tile. As pictured, a BRAM tile has
the same height as five CLBs, but other numbers (e.g., four)
also may be used. A DSP tile 106 may include a DSP logic
element (DSPL) 114 in addition to an appropriate number of
INTs 111. An 10B 104 may include, for example, two
instances of an 1/0O logic element (IOL) 115 in addition to one
instance of an INT 111. As will be clear to those of skill in the
art, the actual I/O pads connected, for example, to IOL 115
typically are not confined to the area of IOL 115.

In the example pictured in FIG. 1, a columnar area near the
center of the die, e.g., formed of regions 105, 107, and 108,
may be used for configuration, clock, and other control logic.
Horizontal areas 109 extending from this column are used to
distribute the clocks and configuration signals across the
breadth of the programmable IC.

Some ICs utilizing the architecture illustrated in FIG. 1
include additional logic blocks that disrupt the regular colum-
nar structure making up a large part of the IC. The additional
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6

logic blocks may be programmable blocks and/or dedicated
circuitry. For example, a processor block depicted as PROC
110 spans several columns of CL.Bs and BRAMs.

In one aspect, PROC 110 is implemented as a dedicated
circuitry, e.g., as a hardwired processor, that is fabricated as
part of the die that implements the programmable circuitry of
the IC. PROC 110 may represent any of a variety of different
processor types and/or systems ranging in complexity from
an individual processor, e.g., a single core capable of execut-
ing program code, to an entire processor system having one or
more cores, modules, co-processors, interfaces, or the like.

In another aspect, PROC 110 is omitted from architecture
100 and replaced with one or more of the other varieties of the
programmable blocks described. Further, such blocks may be
utilized to form a “soft processor” in that the various blocks of
programmable circuitry may be used to form a processor that
is operable to execute program code as is the case with PROC
110.

The phrase “programmable circuitry” refers to program-
mable circuit elements within an IC, e.g., the various pro-
grammable or configurable circuit blocks or tiles described
herein, as well as the interconnect circuitry that selectively
couples the various circuit blocks, tiles, and/or elements
according to configuration data that is loaded into the IC. For
example, portions shown in FIG. 1 that are external to PROC
110 such as CLBs 102 and BRAMs 103 may be considered
programmable circuitry of the IC.

In general, the functionality of programmable circuitry is
not established until configuration data is loaded into the IC.
A set of configuration bits may be used to program program-
mable circuitry of an IC such as an FPGA. The configuration
bit(s) typically are referred to as a “configuration bitstream.”
In general, programmable circuitry is not operational or func-
tional without first loading a configuration bitstream into the
IC. The configuration bitstream effectively implements a par-
ticular circuit design within the programmable circuitry. The
circuit design specifies, for example, functional aspects of the
programmable circuit blocks and physical connectivity
among the various programmable circuit blocks.

Circuitry that is “hardwired” or “hardened,” i.e., not pro-
grammable, is manufactured as part of the IC. Unlike pro-
grammable circuitry, hardwired circuitry or circuit blocks are
not implemented after the manufacture of the IC through the
loading of a configuration bitstream. Hardwired circuitry is
generally considered to have dedicated circuit blocks and
interconnects, for example, that are functional without first
loading a configuration bitstream into the IC. PROC 110 may
be an example of hardwired circuitry.

In some instances, hardwired circuitry may have one or
more operational modes that may be set or selected according
to register settings or values stored in one or more memory
elements within the IC. The operational modes may be set, for
example, through the loading of a configuration bitstream
into the IC. Despite this ability, hardwired circuitry is not
considered programmable circuitry as the hardwired circuitry
is operable and has a particular function when manufactured
as part of the IC.

In the case of an SOC, the configuration bitstream may
specify the circuitry that is to be implemented within the
programmable circuitry and the program code that is to be
executed by PROC 110 or a soft processor. In some cases,
architecture 100 includes a dedicated configuration processor
that loads the configuration bitstream to the appropriate con-
figuration memory cells and/or processor memory. In other
cases, architecture 100 may utilize PROC 110 to receive the
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configuration bitstream, load the configuration bitstream into
appropriate configuration memory cells, and/or extract pro-
gram code for execution.

FIG. 1 is intended to illustrate an exemplary architecture
that may be used to implement an IC that includes program-
mable circuitry, e.g., a programmable fabric. For example, the
number of logic blocks in a column, the relative width of the
columns, the number and order of columns, the types of logic
blocks included in the columns, the relative sizes of the logic
blocks, and the interconnect/logic implementations included
at the top of FIG. 1 are purely exemplary. In an actual IC, for
example, more than one adjacent column of CLBs is typically
included wherever the CLBs appear, to facilitate the efficient
implementation of a user circuit design. The number of adja-
cent CLB columns, however, may vary with the overall size of
the IC. Further, the size and/or positioning of blocks such as
PROC 110 within the IC are for purposes of illustration only
and are not intended as limitations.

In one aspect, architecture 100 may include one or more
DVS circuit structures. A “DVS circuit structure,” as defined
herein, means circuitry that generates metric data used to
control dynamic voltage scaling within an electronic system.
Examples of DVS circuit structures include instrumented
circuit components, whether hardwired or formed using pro-
grammable circuit blocks, ring oscillators, whether hard-
wired or formed using programmable circuit elements, circuit
structures configured to generate error signals responsive to
inadequate voltage, and the like.

As used herein, an “instrumented circuit component” is a
circuit component that is modified to indicate an imminent
error in consequence of a DVS operation. An example of an
instrumented circuit component is an instrumented flip-flop.
An instrumented flip-flop may be hardwired or formed using
programmable circuitry. The instrumented flip-flop may be
implemented to include a first signal path and a second signal
path. The second signal path is substantially similar to the first
signal path, but includes a larger amount of propagation delay
than the first signal path. The two signal paths may be com-
pared at a same moment in time to determine whether the
signal paths specify a same value. The second signal path,
having increased delay, will typically exhibit an error prior to
the first signal path as voltage is reduced. A mismatch
between the values of the signal paths indicates an imminent
error within the first signal path. The imminent error may be
a result of a voltage reduction to the instrumented flip-flop
through application of DVS in the electronic system.

One or more of the programmable circuit blocks imple-
mented within architecture 100 may include a DVS circuit
structure such as a hardwired, instrumented circuit compo-
nent. Referring to FIG. 1, one or more CLBs 102 may be
implemented to include one or more hardwired, instrumented
circuit components. In another aspect, one or more CL.Bs 102
may be implemented to perform the functionality of an instru-
mented circuit component natively. In still another aspect,
one or more DSPs 106 may be implemented to include one or
more hardwired, instrumented circuit components. Any of the
various programmable circuit blocks described with refer-
ence to FIG. 1 may include one or more hardwired, instru-
mented circuit components.

It should be appreciated that while the programmable cir-
cuit blocks, as a whole, are considered programmable cir-
cuitry, the instrumented circuit components within such pro-
grammable circuit blocks may be implemented as hardwired
circuit structures. Further, only selected ones of the CLBs
102, DSPs 106, or the like may include instrumented circuit
components. For example, an IC may include CLBs 102
and/or DSPs 106 where only a subset, i.e., one or more but
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less than all, of the programmable circuit blocks include an
instrumented circuit component such as an instrumented flip-
flop. In that case, fewer than all CLBs 102 may include
instrumented circuit components and/or fewer than all DSPs
106 may include instrumented circuit components.

Architecture 100 also may include one or more ring oscil-
lators (not shown). In some cases, one or more hardwired ring
oscillators may be included within and/or throughout an IC
for testing purposes. The ring oscillators may be included
within an IC to determine a maximum operating frequency of
the IC prior to sale. In general, such ring oscillators may not
be available for use within, or as part of, user circuit designs
once the IC passes testing and is provided to users.

In accordance with the inventive arrangements disclosed
herein, one or more ring oscillators used for IC testing may
also be made available for use within a user design to facilitate
DVS. The frequency of operation of the ring oscillator may be
used to indicate an imminent error. For example, frequency of
the ring oscillator may be used to indicate an imminent error
or an unacceptable error rate within circuitry. As such, the
frequency of the ring oscillator may be monitored as voltage
is varied. When the frequency decreases to a particular fre-
quency threshold associated with either an unacceptable error
rate or indicating an imminent error, the voltage of a power
signal may be varied in response.

FIG. 2 is a block diagram illustrating an example of an
instrumented circuit component. FIG. 2 illustrates an instru-
mented memory element and, in particular, an instrumented
flip-flop 200. Instrumented flip-flop 200 may be implemented
as a hardwired flip-flop within a programmable circuit block
such as a CLB and/or a DSP. In another example, instru-
mented flip-flop 200 may be implemented using program-
mable circuitry of an IC, e.g., using two or more CLBs. In still
another example, instrumented flip-flop 200 may be imple-
mented by the native circuitry of a single CLB to be described
herein in greater detail.

As pictured, instrumented flip-flop 200 includes a main
flip-flop 202, a delay circuit 204, a shadow flip-tlop 206, a
comparator 208, and an OR circuit 210. In one aspect, main
flip-flop 202 and shadow flip-flop 206 are identical flip-flops.
Further, main flip-flop 202 and shadow flip-flop are clocked
by a same clock signal depicted as “CLK.”

A data signal 212 is provided to an input of main flip-flop
202 and to an input of delay circuit 204. An output of main
flip-flop 202 generates output signal 214. Delay circuit 204
generates a delayed version of signal 212, which is illustrated
as signal 216. Signal 216 is provided to an input of shadow
flip-flop 206. Shadow flip-flop 206 outputs a result signal 218
that is provided to an input of comparator 208. Output signal
214 is also provided to an input of comparator 208. Accord-
ingly, the first signal path of instrumented flip-flop flows from
signal 212 to the input of comparator 208, while the second
signal path flows from signal 212 to the second input of
comparator 208.

Comparator 208 compares the received signals to deter-
mine whether the signals specify the same value. For
example, comparator 208 may be configured to determine
whether both signals 214 and 218 are the same value, e.g.,
both 0 or both 1, or specify different values, e.g., 0 and 1. In
one example, comparator 208 may be implemented as an
exclusive OR circuit. Comparator 208 generates a compari-
son result signal 220 that is provided to an input of OR circuit
210. OR circuit 210 performs a logical OR operation on the
received comparison result signal 220. OR circuit 210 gener-
ates and outputs an error signal 222. As such, if any one of the
bits of comparison result signal 220 has a value of one, OR
circuit 210 outputs error signal 222 as a logic high or one
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value. When none of the bits of signal 220 are high, indicating
that signals 214 and 218 match bit for bit, error signal 222
remains at a logic low or a zero value. Each of signals 212,
214, 216, 218, and 220 may be implemented as a multi-bit
signal of N bits, where N is an integer value greater than one.
Error signal 222 may be implemented as a single bit signal.

In operation, as the voltage provided to instrumented flip-
flop 200 is continually lowered, at some point error signal 222
will go high when signals 214 and 218 disagree, e.g., are no
longer identical. When signals 214 and 218 no longer match,
the condition indicates that continuing to lower the voltage
will cause an error in signal 214, which is to be avoided for
proper or correct operation.

In one aspect, an additional memory element, e.g., a flip-
flop, may be added to capture error signal 222. In one exem-
plary implementation, the additional memory element may
be included as part of instrumented flip-flop 200. In another
exemplary implementation, the additional memory element
may be included within a DVS controller coupled to instru-
mented flip-flop 200.

FIG. 3 is a circuit diagram illustrating an exemplary ring
oscillator 300. In the example of FIG. 3, ring oscillator 300
includes three inverters 305, 310, and 315. Inverters 305, 310,
and 315 are coupled serially with an output of inverter 315
being fed back as an input to inverter 305. Signal 320 is an
output signal, e.g., an error signal, from ring oscillator 300.
Signal 320 has a particular frequency of oscillation that may
be used to determine whether voltage provided to ring oscil-
lator 300 and other circuitry is adequate for correct operation.
Ring oscillator 300 is provided for purposes of illustration
only and is not intended as a limitation. Any of a variety of
different ring oscillator circuit configurations may be used for
purposes of generating frequency based metric data for pur-
poses of DVS.

FIG. 4 is a block diagram illustrating an exemplary portion
of'a CLB referred to as a slice 400. A CLB such as CLB 102
may include multiple slices, e.g., two slices, and interconnect
circuitry. Slice 400 includes a plurality of look-up tables (or
logic function generators) 402, 404, 406, and 408, a first
plurality of storage elements illustrated as flip-flops (FFs)
410, 412, 414, and 416, and a second plurality of storage
elements illustrated as flip-flops 418, 420, 422, and 424. Slice
400 further includes multiple wide-function multiplexers
426, 428, 430, 432, 434, 436, 438, and 440.

In one example, look-up tables 402, 404, 406, and 408 may
be implemented as six-input look-up tables. Each of look-up
tables 402, 404, 406, and 408 may include six independent
inputs and two independent outputs. Signals output from
look-up tables 402, 404, 406, and 408 may exit slice 400 the
A, B, C, or D outputs respectively or through multiplexer 428,
432, 436, or 440, respectively. Signals output from look-up
tables 402, 404, 406, and 408 further may enter the XOR
dedicated gates, enter the carry-logic chain (e.g., CIN and/or
COUT), enter the select line of the carry-logic multiplexer,
feed the data input of flip-flops 410, 412, 414, or 416, respec-
tively, etc.

Other configurations may be implemented by loading
appropriate configuration data into configuration memory
cells that control the select lines of the multiplexers shown in
slice 400 and by loading appropriate data into the various
look-up tables 402, 404, 406, and 408. Further information
and description for slice 400 may be found within “7 Series
FPGAs CLB User Guide,” UG474 (v1.6) Aug. 11,2014, from
Xilinx, Inc.

As pictured, the memory element illustrated as flip-flop
418 is implemented as an instrumented flip-flop. For
example, flip-flop 418 may be implemented as a hardwired,
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instrumented flip-flop described with reference to FIG. 2.
Flip-flop 418 includes an additional output not included in
any of flip-flops 410, 412, 414, 416, 420, 422, or 424. In
particular flip-flop 418 includes an error signal output in
addition to the data output (DQ). The error signal output,
depicted as the ERR signal within FIG. 4, may be provided to
a DVS controller to be described herein in greater detail. In
one aspect, the particular flip-flop, e.g., flip-flop 418, that is
instrumented may be the particular circuit component of the
programmable circuit block considered slower or slowest. In
the case of slice 400, for example, flip-flop 418 may be part of
the carry chain signal path of slice 400 as received from
another CLB or the first or last flip-flop in a shift register
configuration, both of which are considered slower signal
paths through slice 400. The slower, or the slowest, circuit
component(s) within a the programmable circuit block are
often the most timing critical when lowering voltage since
errors occur within the most timing critical signal paths prior
to occurring in less critical signal paths of the programmable
circuit block.

While flip-flop 418 is illustrated as a hardwired, instru-
mented flip-flop as described with reference to FIG. 2, it
should be appreciated that one or more additional flip-flops
may be implemented as hardwired, instrumented flip-flops.
Any of the various flip-flops 410, 412, 414, 416, 418, 420,
422, and/or 424, and/or any combinations thereof, may be
implemented as hardwired, instrumented flip-flops. Further,
in the case where slice 400 includes a single, hardwired,
instrumented flip-flop, the particular flip-flop that is imple-
mented as a hardwired, instrumented flip-flop may be any of
flip-flops 410, 412, 414, 416, 418, 420, 422, and/or 424.
Further, since a CLB may include more than one slice, only
one slice may include one or more instrumented flip-flops. In
one aspect, in the case where slice 400, or a CLB, includes a
plurality of hardwired, instrumented flip-flops, each such
flip-flop may generate an error signal that may be provided to
the DVS controller.

It should be appreciated that slice 400 is presented for
purposes of illustration only. More complex CLB (or CLB
slices) and/or less complex CLB (or CLB slices) may be used
and include one or more instrumented circuit components.
The look-up tables, for example, may include fewer or more
inputs and/or output, etc. Further, in one aspect, each flip-flop
within the programmable circuit block may be implemented
as a hardwired, instrumented flip-flop. As discussed within
FIG. 4, however, this need not be the case. In one aspect, only
those flip-flops considered to be slower, or slowest within the
programmable circuit block may be implemented as instru-
mented flip-flops.

FIG. 5 is a block diagram illustrating another exemplary
implementation of slice 400. Slice 400 is configured to
natively implement error checking for DVS. Slice 400 may be
implemented substantially as described with reference to
FIG. 4. Rather than include a hardwired, instrumented flip-
flop, flip-flop 418 and each other one of the flip-flops of slice
400 is implemented as a conventional or non-instrumented
flip-flop. In one aspect, the instrumented memory element
may be one or more of the look-up tables as described below.
For purposes of illustration, not all components of slice 400
are shown. Only those components needed to illustrate the
error checking functionality are depicted.

In the example of FIG. 5, look-up table 402 may be imple-
mented, or instrumented, to generate output signals having
different timing characteristics, e.g., differently timed out-
puts. Referring to FIG. 5, for example, look-up table 402
generates a first output referred to as O5 and a second output
referred to as 06. Output O5, for example, may be imple-
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mented to be slower, e.g., have more signal propagation delay,
than output 06. For example, the transistors used to imple-
ment output O5 may be sized smaller than the transistors used
to implement output O6. In this regard, it should be appreci-
ated that output O5 and output O6 are independent outputs
capable of generating different, independent signals that may
or may not have the same value concurrently depending upon
the configuration data loaded into the programmable IC con-
trolling slice 400. Further, while the signals illustrated in
FIGS. 4 and 5 show connections among circuit elements, the
actual physical signal paths may not be direct, particularly in
the case of output O5, thereby having more delay than another
signal path. In addition, the signal path of output O5 within
look-up table 402 may be longer than that of output 06,
further adding delay. For example, the signal routing of (e.g.,
within) the output O5 may have more delay than the signal
routing of output 06.

Slice 400 may be programmed using configuration data so
that output O6 and output O5 are same output signals, e.g.,
where the signal from output OS5 is a copy of the signal from
output 06 though still independently generated. Due to the
implementation of look-up table 402 and/or signal routing
within slice 400, output O5 may be a delayed version of
output O6. The amount of delay may be approximately 100
picoseconds, though the inventive arrangements described
herein are not intended to be limited by the particular amount
of delay that exists on output O5.

Output 06 is provided to flip-flop 420. Output OS5 is pro-
vided to flip-flop 418. The output from flip-flop 418 and the
output from flip-flop 420 are provided to look-up table 406 as
inputs. The routing needed to couple the output of flip-flop
418 and the output of flip-flop 420 to an input of look-up table
406 utilizes programmable circuitry, e.g., programmable
interconnects and/or wires, of the programmable IC and is
determined by the loading of configuration data into the pro-
grammable IC. Look-up table 406 may implement a com-
parator, e.g., comparator 208, and the OR circuit, e.g., OR
circuit 210. The output from look-up table 406 is the error
signal (ERR) and may be registered by flip-flop 422 or pro-
vided directly out from look-up table 406 and slice 400 with-
out registering.

While FIG. 5 utilizes look-up table 402, it should be appre-
ciated that any of the look-up tables of slice 400 may be
implemented as described with reference to look-up table
402. Further, a different look-up table may be used to generate
the error signal. As each of the components of slice 400 is
located within a same CLB, each of the components is
clocked by the same clock signal thereby maintaining accu-
racy for determining errors, e.g., when flip-flop 418 captures
a different value, or values, than flip-flop 420.

FIG. 6 is a block diagram illustrating an exemplary DSP
600. DSP 600 is an exemplary implementation of DSP 106
described herein. As pictured, DSP 600 includes flip-flops
602, 604, 606, and 608. Addition/subtraction circuit 610
receives signals output from flip-flop 606 and from either
flip-flop 602 or flip-flop 604 depending upon the setting of
multiplexer 612. Addition/subtraction circuit 610 either adds
or subtracts the received signals based upon values stored in
the configuration memory cells controlling operation of addi-
tion/subtraction circuit 610.

An output from addition/subtraction circuit 610 is pro-
vided to flip-flop 614. Multiplexer 616 receives a signal out-
put from flip-flop 614 and a signal output from flip-flop 602.
Multiplexer 612 passes one of the received signals to multi-
plication circuit 618 as a first input thereto. Multiplication
circuit 618 further receives the signal output from flip-flop
614 as a second signal and performs a multiplication opera-

40

45

50

60

12

tion upon the first and second received signals. An output
signal from multiplication circuit 618 is provided to flip-flop
620. An output signal from flip-flop 620 is provided to logic
circuitry 622.

Flip-flop 608 provides an output signal to multiplexer 624
and to multiplexer 626. Multiplexer 624 also receives a signal
output from flip-flop 628. The signal passed by multiplexer
624 is provided to logic circuitry 622 as an additional input.
Logic circuitry 622 may be configured to perform any of a
variety of different logical operations including bit shifting
operations upon the received signals. Signals output from
logic circuitry 622 are provided to each of exclusive OR
circuitry 630, flip-flop 628, and to an input of multiplexer 626.
Multiplexer 626 passes a signal as an output to flip-flop 632,
which provides an output from DSP 600. Flip-flop 628 also
provides an output from DSP 600. A result from exclusive OR
circuitry 630 is provided to flip-flop 634, which provides still
another output from DSP 600.

The particular signals that are passed by the multiplexers,
the particular operations performed by the various blocks, the
logic functions, and the like are determined according to the
configuration data that is loaded into configuration memory
cells that control the noted circuit components of DSP 600.
Further information and description for DSP 600 may be
found within “UltraScale Architecture DSP Slice,” UG579
(v1.1) Jul. 15, 2014, from Xilinx, Inc.

Within FIG. 6, any one or more of flip-flops 602, 604, 606,
608, 614, 620, 628, 632, and/or 634 may be implemented as
a hardwired, instrumented flip-flop as described with refer-
ence to FIG. 2. The particular one or more of the flip-flops of
DSP 600 selected for implementation as an instrumented
flip-flop will include an additional error signal output (not
shown). The error signal, or signals, may be provided to a
DVS controller to be described herein in greater detail. In one
aspect, the particular flip-flop or flip-flops implemented as
hardwired, instrumented flip-flops may be the particular cir-
cuit block resource considered slower or slowest in the pro-
grammable circuit block. In one aspect, in the case where
DSP 600 includes a plurality of hardwired, instrumented
flip-flops, each such flip-flop may generate an error signal that
may be provided to the DVS controller.

It should be appreciated that DSP 600 is presented for
purposes of illustration only. More complex DSPs and/or less
complex DSPs may be used and include one or more instru-
mented circuit components. In one aspect, all of the flip-flops
of DSP 600 may be implemented as hardwired, instrumented
flip-flops. As discussed within FIG. 6, however, this need not
be the case. For example, only those flip-flops considered to
be slower, or slowest within the programmable circuit block
may be implemented as instrumented flip-flops.

FIG. 7 is a block diagram illustrating an exemplary IC 700
including DVS circuitry. In one aspect, IC 700 may be a
programmable IC as described herein. As pictured, IC 700
includes a voltage supply 705 and a DVS controller 710. IC
700 further includes programmable circuit blocks such as
CLBs 102 and DSPs 106. For purposes of discussion, DSPs
106 may be implemented with one or more hardwired, instru-
mented components. One or more of CLBs 102 may be
implemented with one or more hardwired, instrumented com-
ponents. For example, one or more or all of CLLBs 102 and
DSPs 106 pictured in FIG. 7 may include a hardwired, instru-
mented flip-flop such as a hardwired implementation of
instrumented flip-flop 200. One or more or all of CL.Bs 102
may be implemented and configured as described with refer-
ence to FIG. 5. It should be appreciated that a mix of CLBs
102 may be included where one or more include a hardwired,
instrumented flip-flop and one or more are implemented as
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described with reference to FIG. 6. IC 700 may also include
one or more ring oscillators 300.

Each of CLBs 102, DSPs 106, and ring oscillators 300 is
configured to generate and output an error signal as described.
For example, the instrumented component within each of
CLBs 102 and DSPs 106 may generate an error signal. With
reference to CLBs 102 and DSPs 106, the error signal indi-
cates the occurrence of an error within the programmable
circuit block. Ring oscillators 300 generate an error signal
that specifies frequency of operation of ring oscillators 300.

CLBs 102, DSPs 106, and/or ring oscillators 300 may be
coupled to DVS controller 710. DVS controller 710 receives
the error signals generated by CLBs 102, DSPs 106, and/or
ring oscillators 300. The various error signals, taken collec-
tively, specify metric data. As discussed, the metric data may
include the indication of an error, an error rate, and/or fre-
quency. In the case of error rate, DVS controller 710 may be
configured to determine error rate from the error signals gen-
erated by CLBs 102 and/or DSPs 106. As defined herein, the
term “error rate” means a number of errors occurring over a
defined period of time as determined from an error signal.

In one aspect, DVS controller 710 may determine an error
rate for each programmable circuit block. In another aspect,
DVS controller 710 may determine an error rate using two or
more or all of the programmable circuit blocks and/or mul-
tiple error rate signals from same programmable circuit
blocks. For example, DVS controller 710 may calculate an
error rate that is an average of one or more or all error rates for
CLBs 102 independently, for DSPs 106 independently, or for
both CLBs 102 and DSPs 106 collectively. Further, the rela-
tive contribution of error rate for CLBs 102 and/or DSPs 106
may be controlled through a weight such as a factor value
between 0 and 1.

DVS controller 710 may also receive an error signal from
each ring oscillator 300 specifying a frequency of oscillation.
In one aspect, DVS controller may determine a frequency of
oscillation using two or more or all of the ring oscillators 300.
For example, DVS controller 710 may calculate a frequency
of oscillation that is an average of one or more or all of the
frequencies of oscillation for ring oscillators 300.

DVS controller 710 controls operation of voltage supply
705 responsive to the metric data, whether received and/or
determined from received error signals. DVS controller 710
interprets the metric data and, in response thereto, provides
control signals to voltage supply 705 instructing voltage sup-
ply 705 to increase or decrease voltage. In another aspect,
DVS controller 710 may instruct voltage supply 705 to main-
tain a same or constant voltage to the various components of
1C 700.

In one aspect, DVS controller 710 may compare metric
data to one or more metric data thresholds. Depending upon
whether the metric data exceeds the metric data threshold(s)
or falls within a particular range defined by a plurality of
metric data thresholds, DVS controller 710 instructs voltage
supply 705 to increase the output voltage for power signal(s),
decrease the output voltage of power signal(s), or maintain
the same voltage for power signal(s) generated by voltage
supply 705 and distributed and/or provided to the circuitry of
1C 700 including CLBs 102, DSPs 106, and ring oscillators
300.

For example, DVS controller 710 may compare an error
rate to an error rate threshold. Responsive to determining that
the error rate exceeds the error rate threshold, DVS controller
710 may instruct voltage supply 705 to increase voltage. In
another example, DVS controller 710 may, in response to a
detected error from one or more of CLBs 102 and/or one or
more of DSPs 106, instruct voltage supply 705 to increase
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voltage. In still another example, DVS controller 710 may
compare a frequency of oscillation with a threshold frequency
of oscillation. Responsive to determining that the frequency
of oscillation does not exceed the threshold frequency of
oscillation, DVS controller 710 may instruct voltage supply
705 to increase voltage by a particular amount.

In one aspect, DVS controller 710 may be formed using
one or more programmable circuit blocks as described herein
with reference to FIG. 1. For example, DVS controller 710
may be formed within IC 700 responsive to loading a con-
figuration bitstream into appropriate configuration memory
cells of IC 700 specifying an implementation of DVS con-
troller 710. In another aspect, DVS controller 710 may be
hardwired. Whether DVS controller 710 is hardwired or
formed using one or more programmable circuit blocks, error
signals may be routed to inputs of DVS controller 710 using
programmable circuitry. In other cases, e.g., where the DVS
circuit structures are hardwired, error signals may be routed
to inputs of DVS controller 710 using programmable circuitry
orusing dedicated, hardwired, routing resources (e.g., wires).

Voltage supply 705 is operable to provide a varying voltage
level as a power signal to the various circuit blocks illustrated
in FIG. 7. Voltage supply 705 varies the voltage that is output
as a power signal responsive to the control signals received
from DVS controller 710. In one aspect, IC 700 may be
partitioned to include two or more different DVS zones where
the voltage provided to components within a first DVS zone
through power signals may be controlled independently of the
voltage provided to components within a second and different
DVS zone through power signals. For purposes of illustra-
tion, IC 700 includes a single DVS zone in which CLBs 102,
DSPs 106, and ring oscillators 300 each receive a same volt-
age level from voltage supply 705.

The example of FIG. 7 utilizes error signals from CLBs
102, DSPs 106, and/or ring oscillators 300. In one aspect,
DVS controller 710 may control voltage of voltage supply
705 using only metric data derived from CLBs 102, only
metric data derived from DSPs 106, only metric data derived
from CLBs 102 and DSPs 106, only metric data derived from
ring oscillators 300, only metric data derived from ring oscil-
lators 300 and CLBs 102, or only metric data derived from
DSPs 106 and ring oscillators 300.

FIG. 8 is a flow chart illustrating an exemplary method of
operation of an apparatus including DVS enabled circuitry. In
one aspect, the apparatus may be an IC or a programmable IC
as described herein with reference to FIGS. 1 and/or 7.

In block 805, the apparatus begins operating. For example,
an IC or other electronic system including DVS enabled cir-
cuitry begins operation. The DVS enabled circuitry begins
generating metric data and providing the metric data to the
DVS controller. In block 810, the DVS controller receives the
metric data and optionally calculates additional metric data.
As described within this disclosure, metric data includes one
or more error signals generated by instrumented memory
elements such as instrumented flip-flops and ring oscillators.
The DVS controller may optionally calculate additional met-
ric data such as an error rate for one or more of the DVS
enabled structures or a combination of DVS enabled struc-
tures.

In block 815, the DVS controller determines voltage
adequacy using the metric data. In general, frequency of an
output signal generated by a ring oscillator is inversely cor-
related with error rates of circuitry as voltage is lowered. The
error rate of circuitry is inversely correlated with the voltage
of'a power signal provided to the circuitry. This means that as
voltage of a power signal provided to circuitry is lowered, the
error rate of the circuitry may increase particularly as the
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voltage is decreased lower than a selected voltage threshold.
Concurrently, frequency of an output signal generated by a
ring oscillator decreases. The frequency of the output signal is
directly correlated with the voltage of the power signal.

As defined herein, the term “correlation” means that two or
more items, e.g., quantities, have a mutual relationship or
connection where one item affects or depends on the other. As
defined herein, the term “direct correlation” means that as one
item increases, the directly correlated item also increases.
Direct correlation means that two items generally move in the
same direction as one another. As defined herein, the term
“inverse correlation” means that is one item decreases (in-
creases), the inversely correlated item increases (decreases).
Inverse correlation means that two items generally move in
opposition to one another.

The DVS controller may determine adequacy of the volt-
age of the power signal in any of a variety of different ways.
In one aspect, the system may compare the frequency of an
error signal from a ring oscillator or a frequency derived from
a plurality of error signals with a plurality of frequency
thresholds defining different frequency ranges representing
different error rates. A frequency above a first, higher fre-
quency threshold may indicate that the voltage may be
decreased. A frequency below a second, lower frequency
threshold may indicate that the voltage should be increased.
In another aspect, a frequency equal to the first or second
frequency thresholds or between the first and second fre-
quency thresholds may mean that the current voltage level
should be maintained.

In another aspect, the frequency of the error signal from the
ring oscillator or a frequency derived from a plurality of error
signals may be compared with a single frequency threshold.
In that case, the voltage of the power signal may be increased
responsive to determining that the frequency is below the
frequency threshold. The voltage of the power signal may be
decreased response to determining that the frequency is above
the frequency threshold. The voltage of the power signal may
be maintained at the current level responsive to determining
that the frequency is equal to the frequency threshold.

In another aspect, the system may determine whether an
error is detected from one or more of the instrumented
memory elements. An error indicates that the voltage should
be increased. When no error is detected, the voltage may be
decreased or maintained at a current voltage level.

In another aspect, the system may compare the error rate of
one or more error signals generated by one or more instru-
mented memory elements or an error rate derived from a
plurality of error signals with a plurality of error rate thresh-
olds. An error rate above a first, higher error rate threshold
indicates that the voltage should be increased. An error rate
below a second, lower error rate threshold indicates that the
voltage may be decreased. In another aspect, a frequency
equal to either the first or second error rate thresholds or
between the first and second error rate thresholds may mean
that the current voltage level should be maintained.

In another aspect, the system may compare the error rate of
one or more error signals generated by one or more instru-
mented memory elements or an error rate derived from a
plurality of error signals with a single error rate threshold. In
that case, the voltage of the power signal may be decreased
responsive to determining that the error rate is below the error
rate threshold. The voltage of the power signal may be
increased responsive to determining that the error rate is
above the error rate threshold. The voltage of the power signal
may be maintained at the current level responsive to deter-
mining that the error rate is equal to the error rate threshold.
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Accordingly, based upon the determination and compari-
sons described with reference to block 820, method 800 pro-
ceeds to either block 825 where voltage level of the power
signal is increased, to block 830 where the current voltage
level of the power signal is maintained, or to block 835 where
the voltage level of the power signal is decreased.

After any one of blocks 825, 830, or 835, method 800 loops
back to block 810 to continue processing an regulating volt-
age of the power signal within the apparatus.

In accordance with the inventive arrangements disclosed
herein, a circuit design may also be processed to incorporate
DVS circuitry. For example, circuit structures such as the
instrumented memory elements may be implemented using
programmable circuitry, e.g., two or more CLBs, to create an
additional delay signal path and comparators as described.
Such structures may be incorporated into a circuit design
automatically using EDA tools. Including DVS structures
formed of programmable circuitry within a circuit design
automatically using EDA tools may be particularly useful in
cases where the target IC does not include instrumented cir-
cuit components. In other cases, signal paths of a circuit
design may be intentionally routed through hardwired ver-
sions of instrumented memory elements, whether within a
CLB as described with reference to FIGS. 3 and/or 4, a DSP,
or another programmable circuit block. Further, a DVS con-
troller may be inserted or included in a circuit design to
monitor for errors, error rates, and/or frequencies as
described. For example, the DVS controller may be imple-
mented using programmable circuit blocks as a result of
loading configuration data into the programmable IC.

FIG. 9 is a block diagram illustrating an exemplary data
processing system (system) 900. System 900 may be used to
process a circuit design to implement one or more DV'S struc-
tures as described herein and/or implement a DVS enabled
architecture as described herein.

In the example of FIG. 9, system 900 includes at least one
processor, e.g., a central processing unit (CPU), 905 coupled
to memory elements 910 through a system bus 915 or other
suitable circuitry. System 900 stores program code within
memory elements 910. Processor 905 executes the program
code accessed from memory elements 910 via system bus
915. In one aspect, system 900 is implemented as a computer
or other data processing system that is suitable for storing
and/or executing program code. It should be appreciated,
however, that system 900 may be implemented in the form of
any system including a processor and memory that is capable
of performing the functions described within this disclosure.
Further, system 900 may be implemented as one or more
networked data processing systems.

Memory elements 910 include one or more physical
memory devices such as, for example, a local memory 920
and one or more bulk storage devices 925. Local memory 920
refers to random access memory (RAM) or other non-persis-
tent memory device(s) generally used during actual execution
of'the program code. Bulk storage device 925 may be imple-
mented as a hard disk drive (HDD), solid state drive (SSD), or
other persistent data storage device. System 900 may also
include one or more cache memories (not shown) that provide
temporary storage of at least some program code in order to
reduce the number of times program code must be retrieved
from bulk storage device 925 during execution.

Input/output (I/O) devices such as a keyboard 930, a dis-
play device 935, and a pointing device 940 may optionally be
coupled to system 900. The I/O devices may be coupled to
system 900 either directly or through intervening I/O control-
lers. A network adapter 945 may also be coupled to system
900 to enable system 900 to become coupled to other systems,
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computer systems, remote printers, and/or remote storage
devices through intervening private or public networks.
Modems, cable modems, Ethernet cards, and wireless trans-
ceivers are examples of different types of network adapter
945 that may be used with system 900.

As pictured in FIG. 9, memory elements 910 store an EDA
application 950. EDA application 950, being implemented in
the form of executable program code, is executed by system
900. As such, EDA application 950 is considered an inte-
grated part of system 900. System 900, while executing EDA
application 950, may receive and operate upon a circuit
design 955. Circuit design 955 is a programmatic description
of circuitry to be implemented within an IC. For example,
circuit design 955 may be specified using a hardware descrip-
tion language, as a netlist, as a configuration bitstream, a
combination thereof, or the like.

System 900 operates upon circuit design 955 to implement
one or more of the circuit structures described herein and/or to
implement DVS within circuit design 955. System 900, in
executing EDA application 950, may add one or more circuit
structures to circuit design 955, may place and/or route circuit
design 955 to utilize instrumented circuit components as
described herein, may include a DVS controller, or the like.
System 900 generates and outputs a processed version of
circuit design 955 as circuit design 960.

EDA application 950, circuit design 955, circuit design
960, and any data items used, generated, and/or operated
upon by EDA application 950 are functional data structures
that impart functionality when employed as part of system
900 or when such elements, including derivations thereof; are
loaded into an IC such as a programmable IC.

FIG. 10 is a flow chart illustrating an exemplary method
1000 of processing a circuit design for performing DVS.
Method 1000 may be implemented using system 900 of FIG.
9 by operating upon a circuit design such as circuit design
955.

In block 1005, the system determines a timing critical
signal path of a plurality of signal paths of the circuit design.
A signal path is the path in the circuit taken by a signal
between a source circuit element (source) and a sink circuit
element (sink). Typically, the source and the sink are clocked,
or synchronous, circuit elements. A signal path is said to be
critical when the estimated amount of time, i.e., the estimated
delay, for a signal to propagate from the source to the sink is
greater than the amount of time permitted for the signal to
propagate from source to sink per the circuit design specifi-
cation. In block 1010, the system selects a memory element
such as a flip-flop in the timing critical data path. The memory
element that is selected may be a non-instrumented memory
element. In block 1015, the system modifies the selected
memory element. The selected memory element may be
replaced with an instrumented version of the memory ele-
ment.

In block 1020, the system provides a DVS controller. For
example, the system may insert a DVS controller circuit block
or intellectual property block into the circuit design. In block
1025, the system couples the error signal output from the
instrumented memory element to the DVS controller. For
example, the system may route the error signal output from
the instrumented memory element to an input of the DVS
controller.

In block 1030, the system optionally provides a ring oscil-
lator. For example, the system may insert a ring oscillator
circuit block or intellectual property block into the circuit
design. In some cases, the particular target IC in which the
circuit design will be implemented may include one or more
hardwired ring oscillators. In such cases, the system need not
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insert ring oscillator circuit blocks and/or ring oscillator intel-
lectual property blocks. In other cases, the system may form
one or more ring oscillators using programmable circuitry of
the IC. In block 1035, the system couples the error signal from
the one or more ring oscillators to input(s) of the DVS con-
troller. For example, the output signal generated by one or
more selected ring oscillators may be routed to inputs of the
DVS controller.

In block 1040, the system outputs the resulting circuit
design. As defined herein, the term “output” and/or deriva-
tives thereof mean storing in a computer readable storage
medium, e.g., a memory, sending over a communication link
including a network and/or wired communication links, dis-
playing upon a display device, or the like.

FIG. 11 is a flow chart illustrating an exemplary method of
implementing block 1015 of FIG. 10. FIG. 11 illustrates a
series of operations that may be performed by the system of
FIG. 9 to modity the selected memory element. FIG. 11
illustrates an example where the selected memory element is
modified using an instrumented memory element, e.g., a flip-
flop or a look-up table, that is hardwired as described with
reference to FIG. 2 and/or a CLB as described with reference
to either FIG. 4 or 5.

In block 1105, the system selects a programmable circuit
block implemented as a DVS circuit structure. The selected
programmable circuit block is one that is available on the
target IC in which the circuit design will be implemented. For
example, the selected programmable circuit block may be a
CLB as described with reference to FIG. 4 or 5 having an
instrumented memory element, a DSP including an instru-
mented memory element as described herein, or the like.

Inblock 1110, the system maps, e.g., technology maps, the
memory element of the timing critical signal path to the
instrumented memory element of the selected programmable
circuit block in the case of a CLB as described in FIG. 4 or to
the slice of a CLB as described in FIG. 5. Mapping, or tech-
nology mapping, as the case may be, refers to a process where
a high level description of a circuit design is mapped, or
correlated, with a particular technology library. For example,
constructs of the circuit design are assigned to particular
circuit components or circuit blocks available on the target IC
in which the circuit design is to be implemented. In block
1115, the system routes the timing critical signal path through
the instrumented memory element or establishes the connec-
tions between look-up tables and flip-flops as shown in FIG.
5. It should be appreciated that at least with respect to the slice
illustrated in FIG. 5, appropriate configuration data must be
generated and included in the circuit design that may be
loaded into the look-up tables to implement the proper func-
tions therein, e.g., to generate same signals on outputs O5 and
06 and to implement the comparison and OR circuitry pre-
viously described.

FIG. 12 is a flow chart illustrating another exemplary
method of implementing block 1015 of FIG. 10. FIG. 12
illustrates a series of operations that may be performed by the
system of FIG. 9 to modify the selected memory element
using an instrumented memory element that is implemented
using programmable circuitry of a programmable IC.

In block 1205, the system forms or implements an instru-
mented memory element such as an instrumented flip-flop
using a first programmable circuit block and a second pro-
grammable circuit block. The first and second programmable
circuit blocks may include only non-instrumented memory
elements or only non-instrumented flip-flops. Referring to the
exemplary flip-flop of FIG. 3, for example, the system may
use a first CLLB to implement the first flip-flop of the instru-
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mented flip-flop and a second CL.B to implement the delay of
the data signal and the second flip-flop of the instrumented
flip-flop.

Inblock 1210, the system maps, e.g., technology maps, the
memory element of the timing critical signal path to the
instrumented memory element implemented using the pro-
grammable circuitry of the target programmable IC. In block
1215, the system routes the timing critical signal path through
the instrumented memory element. It should be appreciated
that appropriate configuration data may be generated and
included in the circuit design that may be loaded into the
look-up tables to implement the proper functions therein for
the CLBs.

The inventive arrangements described within this disclo-
sure provide various DVS structures, architectures, and pro-
cessing techniques. In some cases, existing programmable
circuit blocks may be modified to include a hardwired, instru-
mented memory element. In other cases, ring oscillators may
be used. The instrumented memory elements and/or the ring
oscillators provide error signals that may be used to regulate
the voltage of power signals within an IC.

In other aspects, a circuit design may be processed to
identify timing critical signal paths. Those signal paths may
be implemented using one or more of the various DVS struc-
tures described herein. For example, the timing critical signal
paths may be implemented using an instrumented memory
element, whether hardwired within a programmable circuit
block or implemented using one or more programmable cir-
cuit blocks of an IC.

For purposes of explanation, specific nomenclature is set
forth to provide a thorough understanding of the various
inventive concepts disclosed herein. The terminology used
herein, however, is for the purpose of describing particular
aspects of the inventive arrangements only and is not intended
to be limiting.

As defined within this disclosure, the terms “a” and “an”
mean one or more than one. The term “plurality,” as defined
herein, means two or more than two. The term “another,” as
defined herein, means at least a second or more. The term
“coupled,” as defined herein, means connected, whether
directly without any intervening elements or indirectly with
one or more intervening elements, unless otherwise indi-
cated. Two elements may also be coupled mechanically, elec-
trically, or communicatively linked through a communication
channel, pathway, network, or system.

As defined herein, the term “automatically” means without
user intervention. As defined herein, the term “user” means a
human being. The term “and/or” as defined herein means any
and all possible combinations of one or more of the associated
listed items. The terms “includes” and/or “including,” when
used in this disclosure, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof. Although the terms “first,” “second,”
etc. may be used herein to describe various elements, these
elements should not be limited by these terms, as these terms
are only used to distinguish one element from another unless
the context indicates otherwise.

As defined herein, the term “if” means “when,” “upon,” “in
response to determining,” “in response to detecting,”
“responsive to determining,” or “responsive to detecting,”
depending on the context. Similarly, the phrase “if it is deter-
mined” or the phrase “if [a stated condition or event] is
detected,” as defined herein, means “upon determining,” “in
response to determining,” “responsive to determining,”

upon
detecting [the stated condition or event],” “in response to
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detecting [the stated condition or event],” or “responsive to
detecting [the stated condition or event],” depending on the
context.

Within this disclosure, the same reference characters are
used to refer to terminals, signal lines, wires, and their corre-
sponding signals. In this regard, the terms “signal,” “wire,”
“connection,” “terminal,” and “pin” may be used inter-
changeably, from time-to-time, within this disclosure. It also
should be appreciated that the terms “signal,” “wire,” or the
like may represent one or more signals, e.g., the conveyance
of a single bit through a single wire or the conveyance of
multiple parallel bits through multiple parallel wires. Further,
each wire or signal may represent bi-directional communica-
tion between two, or more, components connected by a signal
or wire as the case may be.

One or more aspects described within this disclosure may
be realized in hardware or a combination of hardware and
software. One or more aspects may be realized in a central-
ized fashion in one system or in a distributed fashion where
different elements are spread across several interconnected
systems. Any kind of data processing system or other appa-
ratus adapted for carrying out at least a portion of the methods
described herein is suited.

One or more aspects further may be embedded in a com-
puter program product, which includes all the features
enabling the implementation of the methods described
herein. The computer program product includes a computer-
readable data storage medium. As defined herein, the phrase
“computer-readable storage medium” means a storage
medium that contains or stores program code for use by or in
connection with an instruction execution system, apparatus,
or device. As defined herein, a “computer-readable storage
medium” is non-transitory and, as such, is not a transitory
propagating signal per se. Examples of a computer-readable
storage medium may include, but are not limited to, optical
media, magnetic media, magneto-optical media, computer
memory such as random access memory, a bulk storage
device, e.g., hard disk, or the like.

The flowchart and block diagrams in the figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods and computer program
products according to various aspects of the inventive
arrangements disclosed herein. In this regard, each block in
the flowchart or block diagrams may represent a module,
segment, or portion of code, which includes one or more
executable instructions for implementing the specified func-
tion(s). It will also be noted that each block of the block
diagrams and/or flowchart illustration, and combinations of
blocks in the block diagrams and/or flowchart illustration, can
be implemented by special purpose hardware-based systems
that perform the specified functions or acts, or combinations
of special purpose hardware and computer instructions.

In one aspect, the blocks in the flow chart illustration may
be performed in increasing numeric order corresponding to
the numerals in the various blocks. In other aspects, the
blocks may be performed in an order that is different, or that
varies, from the numerals in the blocks. For example, two or
more blocks shown in succession may be executed substan-
tially concurrently. In other cases, two or more blocks may
sometimes be executed in the reverse order, depending upon
the functionality involved. In still other cases, one or more
blocks may be performed in varying order with the results
being stored and utilized in subsequent or other blocks that do
not immediately follow.

The terms “computer program,” “software,” “application,”
“computer-usable program code,” “program code,” “execut-
able code,” variants and/or combinations thereof, in the

29 < 29 <
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present context, mean any expression, in any language, code
or notation, of a set of instructions intended to cause a data
processing system to perform a particular function either
directly or after either or both of the following: a) conversion
to another language, code, or notation; b) reproduction in a
different material form. For example, program code may
include, but is not limited to, a subroutine, a function, a
procedure, an object method, an object implementation, an
executable application, an applet, a servlet, source code,
object code, a shared library/dynamic load library and/or
other sequence of instructions designed for execution on a
computer system.

Thus, throughout this disclosure, statements utilizing
terms such as “processing” or “computing” or “calculating”
or “determining” or “displaying” or the like, refer to the
action and processes of a data processing system, e.g., a
computer system, or similar electronic computing device,
that manipulates and transforms data represented as physical
(electronic) quantities within the registers of the computer
system and/or memories into other data similarly represented
as physical quantities within the computer system memories
and/or registers or other such information storage, transmis-
sion or display devices.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function in combination with other
claimed elements as specifically claimed.

An apparatus may include a first programmable circuit
block having a plurality of programmable circuit elements.
The plurality of programmable circuit elements may include
a hardwired, instrumented memory element. The hardwired,
instrumented memory element may include a first flip-flop
configured to receive a data signal, a delay circuit configured
to generate a delayed version of the data signal, a second
flip-flop identical to the first flip-flop and configured to
receive the delayed version of the data signal, a comparator
configured to compare an output signal from the first flip-flop
and an output signal from the second flip-flop, and an error
signal generator configured to generate an error signal
responsive to a mismatch of bits between the output signal
from the first flip-flop and the output signal from the second
flip-flop.

In one aspect, the instrumented memory element may be
one determined to be a slower circuit element compared to at
least one other of the plurality of programmable circuit ele-
ments of the first programmable circuit block.

In another aspect, the instrumented memory element may
be within a signal path of the first programmable circuit block
determined to be slower than at least one other signal path
through the first programmable circuit block.

The apparatus may be a programmable IC with the first
programmable circuit block being a CLB. The apparatus may
be a programmable IC with the first programmable circuit
block being a DSP.

The apparatus may also include a second programmable
circuit block of a same type as the first programmable circuit
block. The second programmable circuit block may include
only non-instrumented memory elements.

The apparatus further may include a DVS controller con-
figured to vary a voltage of a power signal provided to the first
programmable circuit block responsive to the error signal.
The DVS controller may be configured to determine an error
rate from the error signal and vary a voltage of a power signal
provided to the first programmable circuit block responsive to
the error rate.
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The apparatus may also include a ring oscillator configured
to generate an error signal having a frequency inversely cor-
related with an error rate of circuitry within the apparatus. The
DVS controller may be configured to vary the voltage of the
power signal according to the frequency of the error signal
from the ring oscillator.

An apparatus may include circuitry operable over a range
of'voltages of a power signal and a ring oscillator configured
to generate an error signal having a frequency inversely cor-
related with an error rate of at least a portion of the circuitry.
The error rate may be inversely correlated with a voltage of
the power signal. The apparatus also may include a DVS
controller configured to vary the voltage of the power signal
responsive to the frequency of the error signal from the ring
oscillator.

In one aspect, the circuitry may include a programmable
circuit block having a plurality of programmable circuit ele-
ments. The plurality of programmable circuit elements may
include a hardwired, instrumented memory element. The
hardwired, instrumented memory element may include a first
flip-flop configured to receive a data signal, a delay circuit
configured to generate a delayed version of the data signal, a
second flip-flop identical to the first flip-flop and configured
to receive the delayed version of the data signal, and a com-
parator configured to compare an output signal from the first
flip-flop and an output signal from the second flip-flop. The
hardwired, instrumented memory element also may include
an error signal generator configured to generate an error sig-
nal responsive to a mismatch of bits between the output signal
from the first flip-flop and the output signal from the second
flip-flop.

The DVS controller may be configured to vary the voltage
of the power signal responsive to the error signal from the
instrumented memory element. In one aspect, the DVS con-
troller may be configured to vary the voltage of the power
signal responsive to an error rate determined from the error
signal from the instrumented memory element.

A programmable circuit block may include a first look-up
table having a first output and a second output, a first flip-flop
configured to receive a first signal from the first output of the
first look-up table, and a second flip-flop configured to receive
a second signal from the second output of the first look-up
table. The first signal may be a delayed version of the second
signal. The programmable circuit block may also include a
second look-up table configured to receive an output signal
from the first flip-flop and an output signal from the second
flip-flop. The second look-up table may be configured to
generate an error signal responsive to a mismatch of bits
between the output signal from the first flip-flop and the
output signal from the second flip-flop.

The first look-up table, the second look-up table, the first
flip-flop, and the second flip-flop may be clocked by a same
clock signal.

In one aspect, the first output of the first look-up table may
be formed using at least one transistor of a smaller size than
transistors implementing the second output of the first look-
up table.

Inanother aspect, the signal routing of the first output of the
first look-up table may have more delay than the signal rout-
ing of the second output of the first look-up table.

The first look-up table may receive a timing critical signal
as an input.

The programmable circuit block may be implemented as a
CLB. For example, the programmable circuit block may be
configured by loading configuration data into configuration
memory cells of an IC including the CLB.
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The features described within this disclosure may be
embodied in other forms without departing from the spirit or
essential attributes thereof. Accordingly, reference should be
made to the following claims, rather than to the foregoing
disclosure, as indicating the scope of such features and imple-
mentations.

What is claimed is:

1. An apparatus, comprising:

afirst programmable circuit block comprising a plurality of
programmable circuit elements;

wherein the plurality of programmable circuit elements
comprise a hardwired, instrumented memory element
comprising:

a first flip-flop configured to receive a data signal;

a delay circuit configured to generate a delayed version of
the data signal;

a second flip-flop identical to the first flip-flop and config-
ured to receive the delayed version of the data signal;

a comparator configured to compare an output signal from
the first flip-flop and an output signal from the second
flip-flop; and

an error signal generator configured to generate an error
signal responsive to a mismatch of bits between the
output signal from the first flip-flop and the output signal
from the second flip-flop.

2. The apparatus of claim 1, wherein the instrumented
memory element is determined to be a slower circuit element
compared to at least one other of the plurality of program-
mable circuit elements of the first programmable circuit
block.

3. The apparatus of claim 1, wherein the instrumented
memory element is within a signal path of the first program-
mable circuit block determined to be slower than at least one
other signal path through the first programmable circuit
block.

4. The apparatus of claim 1, wherein the apparatus is a
programmable integrated circuit and the first programmable
circuit block is a configurable logic block.

5. The apparatus of claim 1, wherein the apparatus is a
programmable integrated circuit and the first programmable
circuit block is a digital signal processing block.

6. The apparatus of claim 1, further comprising:

a second programmable circuit block of a same type as the

first programmable circuit block;

wherein the second programmable circuit block comprises
only non-instrumented memory elements.

7. The apparatus of claim 1, further comprising:

a dynamic voltage scaling controller configured to vary a
voltage of a power signal provided to the first program-
mable circuit block responsive to the error signal.
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8. The apparatus of claim 7, wherein the dynamic voltage
scaling controller is configured to determine an error rate
from the error signal and vary a voltage of a power signal
provided to the first programmable circuit block responsive to
the error rate.

9. The apparatus of claim 7, further comprising:

a ring oscillator configured to generate an error signal
having a frequency inversely correlated with an error
rate of circuitry within the apparatus;

wherein the dynamic voltage scaling controller is config-
ured to vary the voltage of the power signal according to
the frequency of'the error signal from the ring oscillator.

10. An apparatus, comprising:

circuitry operable over a range of voltages of a power
signal;

a ring oscillator configured to generate an error signal
having a frequency inversely correlated with an error
rate of at least a portion of the circuitry;

wherein the error rate is inversely correlated with a voltage
of the power signal; and

a dynamic voltage scaling controller configured to vary the
voltage of the power signal responsive to the frequency
of the error signal from the ring oscillator.

11. The apparatus of claim 10, wherein the circuitry com-

prises:

a programmable circuit block comprising a plurality of
programmable circuit elements;

wherein the plurality of programmable circuit elements
comprise a hardwired, instrumented memory element
comprising:

a first flip-flop configured to receive a data signal;

a delay circuit configured to generate a delayed version of
the data signal;

a second flip-flop identical to the first flip-flop and config-
ured to receive the delayed version of the data signal;

a comparator configured to compare an output signal from
the first flip-flop and an output signal from the second
flip-flop; and

an error signal generator configured to generate an error
signal responsive to a mismatch of bits between the
output signal from the first flip-flop and the output signal
from the second flip-flop.

12. The apparatus of claim 11, wherein the dynamic volt-
age scaling controller is configured to vary the voltage of the
power signal responsive to the error signal from the instru-
mented memory element.

13. The apparatus of claim 12, wherein the dynamic volt-
age scaling controller is configured to vary the voltage of the
power signal responsive to an error rate determined from the
error signal from the instrumented memory element.
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